Abstract During the last two decades, a wealth of animal and human studies has implicated inflammation-derived oxidative stress and cytokine-dependent neurotoxicity in the progressive degeneration of the dopaminergic nigrostriatal pathway, the hallmark of Parkinson's disease (PD). In this review, we discuss the various hypotheses regarding the role of microglia and other immune cells in PD pathogenesis and progression, the inflammatory mechanisms implicated in disease progression from pre-clinical and clinical studies, the recent evidence that systemic inflammation can trigger microglia activation in PDrelevant central nervous system regions, the synergism between gene products linked to parkinsonian phenotypes (α-synuclein, parkin, Nurr1, and regulator of G-protein signaling-10) and neuroinflammation in promoting neurodegeneration of the nigrostriatal pathway, and the latest update on meta-analysis of epidemiological studies on the risk-lowering effects of anti-inflammatory drug regimens.
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Interleukin Parkinson's disease (PD), the second most common ageassociated progressive neurodegenerative disorder is characterized by the loss of dopaminergic (DA) neurons, cytoplasmic inclusions of aggregated proteins (Lewy bodies (LBs)), and neuroinflammation (Moore et al. 2005; McGeer and McGeer 2008) . The hallmarks of neuroinflammation are the presence of activated microglia and reactive astrocytes in the parenchyma of the central nervous system (CNS) and increased production of cytokines, chemokines, prostaglandins, complement cascade proteins, and reactive oxygen and nitrogen species (ROS/RNS) which in some cases can results in disruption of the blood-brain barrier (BBB) and direct participation of the adaptive immune system (Ransohoff and Perry 2009) . The extent to which neuroinflammation and peripheral immune responses contribute to development of PD or modify its course is not known. It was once believed that the BBB prevented access of immune cells to the brain and, as a result, the immune system and the CNS were relatively independent of each other. However, it has become clear that BBB permeability can be modulated, and traffic of peripheral macrophages and leukocytes into the brain parenchyma is a normal process that must be tightly regulated to promote brain homeostasis and avoid neuronal demise (Ransohoff and Perry 2009; Rezai-Zadeh et al. 2009 ). In fact, neuroimmune dysregulation has been postulated by many to underlie the chronic nature of neurodegenerative disease. Although no strong evidence exists to suggest neuroinflammation is the primary trigger that causes neurodegeneration, epidemiological and pre-clinical data suggest chronic neuroinflammation may be the "silent driver" of neuronal dysfunction during the prodromal/asymptomatic stage of age-associated neurodegenerative diseases (i.e., PD and Alzheimer's disease).
Evidence of neuroinflammation in Parkinson's disease (PD) and in animal models of nigral cell death
PD is the second most common neurodegenerative disorder and is characterized by the loss of dopamine (DA)-producing neurons in the ventral midbrain with cell bodies in the substantia nigra pars compacta (SNpc) that project to the striatum (nigrostriatal pathway), with a lesser effect on DA neurons in the ventral tegmental area (VTA; Uhl et al. 1985; Moore et al. 2005) . PD prevalence is age-associated, with approximately 1% of the population over 65-70 years of age, increasing to 4-5% in 85-year-olds (Fahn 2003) . Epidemiological studies and pathological analyses demonstrate sporadic PD accounts for about 95% of patients (Tanner 2003; Farrer 2006) ; but familial forms of the disease linked to mutations in a restricted number of genes account for 4% of PD cases, and these patients develop early onset disease before the age of 50 (Mizuno et al. 2001; Van Den Eeden et al. 2003) . Over the past decade, a definitive link has been demonstrated between mutations in specific genes and heritable forms of PD (for an in-depth review, see Farrer 2006) . Although some of these mutations can be found in higher frequency among certain ethnic populations, together, they account for only a small percentage (perhaps up to 15%) of all PD cases. In short, the vast majority of cases are not due to monogenic disease, and their etiology remains a major unanswered question. The prevailing view on the causes of non-familial or idiopathic forms of PD is that multifactorial and genetic predispositions, environmental toxins, and aging are all likely to be important factors in disease initiation and progression . Because the single greatest risk factor for developing PD is age, cumulative oxidative damage in the CNS is thereby implicated as an important mechanism. However, nigral lesions in PD and aged individuals vary considerably and raise the possibility that aging and the disease process underlying PD may be occurring independently. At the cellular level, cumulative evidence supports an "oxidative stress hypothesis" for initiation of nigral dopamine neuron loss (for in-depth reviews, see Jenner and Olanow 1996; Owen et al. 1996 Owen et al. , 1997 Beal 2005; Lin and Beal 2006) . Oxidative stress occurs when there is an intracellular accumulation of ROS/RNS due to reduced endogenous antioxidant capacity and/or overproduction of ROS within the cell. The brain is considered to be abnormally sensitive to oxidative damage, in part because oxygen consumption by the brain constitutes 20% of the total oxygen consumption in the body; and the brain is enriched in the more easily peroxidizable fatty acids (20:4 and 22:6) while its antioxidant defenses (such as catalase, superoxide dismutase, glutathione, and glutathione peroxidase) are relatively sparse (Floyd 1999) . Within the midbrain, the SN appears to be among the most vulnerable regions primarily because it operates under a pro-oxidative state relative to other parts of the brain even in healthy individuals. In summary, increased oxidation of lipids, DNA, and proteins have been documented in the brains of PD patients in a large number of studies and support the oxidative stress hypothesis. Yet, the evidence against sole dysfunction being caused by oxidative stress is the limited ability of antioxidants to afford robust DA neuroprotection and disease-modifying effects in the clinic (Olanow 2007) . Therefore, it's been postulated for several years now that inflammation, oxidative stress, mitochondrial dysfunction, proteolytic stress, and axonal transport deficits all play important roles in almost every neurodegenerative disorder including PD. Seminal work by McGeer et al. (1988) over 20 years ago first identified significantly increased levels of human leucocyte antigen-DR-positive microglia in the brains of PD patients post-mortem, and since then, multiple studies have demonstrated that microglia are activated in PD, and increased levels of pro-inflammatory mediators such as tumor necrosis factor (TNF), interleukin-1beta (IL-1β), interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) are found in the striatum and in the substantia nigra (reviewed in (Tansey et al. 2007 ).
The role of microglia and other immune cells in PD pathogenesis and progression The brain's innate immune response is quite heterogenous (reviewed by (Colton 2009) , and innate immune surveillance in the CNS is primarily performed by microglia, the monocyte-derived resident macrophages of the brain (Puntambekar et al. 2008; Tansey and Wyss-Coray 2008) . Microglia play a homeostatic role in the CNS and respond to environmental stresses and immunological challenges by scavenging excess neurotoxins and removing dying cells and cellular debris (Nakamura 2002; Orr et al. 2002; Ransohoff and Perry 2009 ). An initial physical or pathogenic events in the CNS can trigger microglial expansion primarily through differentiation from progenitor cells or proliferation of brain-resident microglia and secondarily through recruitment of peripheral macrophages to the CNS as a result of increased permeability of the BBB (Ransohoff and Perry 2009; Rezai-Zadeh et al. 2009 ). Studies performed in the last 15 years aimed at understanding how the brain resolves innate immune responses to injury or infection have shed light on the complex characteristics of the microglia phenotype in health and disease states (Colton 2009 ). Interestingly, chronic inflammatory diseases, and therefore more than likely also, the chronically inflamed environment of degenerating brain tissue, are believed to be characterized by a microglia phenotype that is a combination of classical activation states with alternative activation states (Colton 2009 ). Because classically activated microglia produce prostaglandins, chemokines, cytokines, complement proteins, proteinases, and ROS and RNS, including nitric oxide (NO), sustained production of these substances can have a deleterious effect on susceptible populations by enhancing oxidative stress and activating cell-death pathways (McGeer and McGeer 2004) . Specifically, aging and/or repeated exposure to environmental toxins (including pesticides and particulate matter) may contribute to increased permeability of the BBB and increased likelihood of increased peripheral immune cell traffic into the brain. Although it is now widely believed that the microglia in the CNS are a long-lived population of tissue macrophages, how the resident populations of brain macrophages are maintained in homeostasis and during disease is still somewhat controversial (Ransohoff and Perry 2009) . Similarly, the immune reactions initiated by viruses and bacteria may compound with latent vulnerabilities which could then manifest into future immunologic challenges. Importantly, it should be noted that individuals with neurodegeneration are likely to have a compromised BBB and because of this fact, the peripheral immune system may have an important role to play in limiting or accelerating progressive neuronal loss depending on the disease state.
At the molecular level, microglia activation may be triggered by protein aggregation and formation of inclusions arising from mutations (i.e., α-synuclein) or disruption of the ubiquitin-proteasome system, immunological challenges (bacterial or viral infections), or traumatic brain injury. For example, misfolded or aggregated proteins in LBs of diseased nigral DA neurons are likely to elicit a selfpropelling cycle of microglial activation and increased production of inflammatory mediators in SN, thus providing a tertiary hit required for PD-associated dysfunction to spread to neighboring neurons (Zhang et al. 2005; Kim and Joh 2006; Sulzer 2007) . Evidence in support of this idea comes from studies in mice in which overexpression of wild-type α-synuclein in neurons is associated with early microglia activation, and release of α-synuclein from an α-synuclein-overexpressing DA neuron-like cell line triggers a cascade of inflammatory mediators that include TNF, IL-1β, IL-6, COX-2, and iNOS (Su et al. 2008 ). In addition, α-synuclein and, in particular, the A30P, E46K, and A53T α-synuclein mutations linked to familial PD have been reported to potently activate human microglia and the human monocytic cell line THP-1 to secrete high levels of IL-1β and TNF, exerting cytotoxicity on human SH-SY5Y neuroblastoma cells (Klegeris et al. 2006 ). α-Synuclein may also have important roles in microglia in regulation of their activation state. Specifically, microglia from α-synuclein-deficient mice (Scna−/−) have been shown to display a reactive phenotype under basal culture conditions and a hyper-reactive phenotype (increased production of the pro-inflammatory cytokines TNF and IL-6) but impaired phagocytic behavior after stimulation compared with microglia from wild-type mice (Austin et al. 2006) . Moreover, microglia from Scna−/− mice display significant morphologic differences (extremely large and ramified cells filled with vacuole-like structures) and increased levels of activation markers (CD68 and β1-integrin) compared with microglia from wild-type mice. The implication of these studies is that abnormal activation of microglia effector functions by dysfunctional DA neurons may enhance chronic neuroinflammation and gene products once believed to be of specific importance in DA neurons (α-synuclein) may also be involved in regulating microglial responses.
Microglia secrete multi-functional immunoregulatory proteins called cytokines, most notably TNF, IL-1, and IL-6 families, interferon gamma (IFNγ), and transforming growth factor beta, all of which act in context-dependent ways to modulate inflammatory processes and the permeability of the BBB (Benveniste 1992; Sedgwick et al. 2000; Whitton 2007 ). Locally released cytokines and chemokines diffuse into the bloodstream, attract leukocytes to the site of inflammation, and upregulate the expression of cellular adhesion molecules to facilitate attachment and transmigration across post-capillary venules (Engelhardt 2008) . Cytokines as well as chemoattractant factors called chemokines can promote apoptosis of specific subsets of neurons, oligodendrocytes, and astrocytes and can cause damage to myelinated axons. Elevated levels of several cytokines and other inflammatory mediators have been reported in a wide range of neurodegenerative CNS disorders including PD. While there is no evidence to support a role for any cytokine in the direct triggering of any of these neurodegenerative conditions, cytokine-driven neuroinflammation and neurotoxicity has now been shown to modify disease progression in a number of pre-clinical models of these disorders.
Microglial 'priming', in which activation precedes another stimulation/toxin, may be another mechanism by which neuroinflammation contributes to the death of DA neurons. Specifically, a recent study reported that a single paraquat exposure induced microglia activation, including induction of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. If this activation was blocked with the anti-inflammatory drug minocycline, subsequent exposures to the herbicide failed to cause oxidative stress and neurodegeneration (Purisai et al. 2007 ). However, if microglia were first primed by pre-treatment with lipopolysaccharide (LPS), a single paraquat exposure became capable of triggering loss of DA neurons. Consistent with the importance of microglial-derived oxidant stress, mutant mice lacking functional NADPH oxidase were spared from neurodegeneration caused by repeated paraquat exposures (Purisai et al. 2007) . LPS has been shown to sensitize animals to the toxic dopamine analog 6-hydroxydopamine (6-OHDA)-induced nigral degeneration. Specifically, a non-neurotoxic dose of LPS that induced microglia activation and secretion of cytokines, IL-1β in particular, was reported to predispose DA neurons to the degenerative effects of a subsequent low dose of 6-OHDA blockable by administration of an IL-1 receptor antagonist (Anakinra; Koprich et al. 2008) . Therefore, microglial priming may in part regulate microglial phenotype and shift microglial activities from neuroprotective to neurotoxic (i.e., from trophic factor production and phagocytosis to production of ROS/RNS, prostaglandins, cytokines, and chemokines), the outcome of which may hasten the death of vulnerable neuronal populations Mrak and Griffin 2005; Ito et al. 2006; Kim and Joh 2006; Nagatsu and Sawada 2006; Sawada et al. 2006) . Even in the absence of microglial priming, microglial activation during the sustained course of a disease results in respiratory bursts and sustained elevation of cytokines, chemokines, and prostaglandins that may act to compound neuronal dysfunction and aid in disease progression Minghetti 2005; Minghetti et al. 2005; Nagatsu and Sawada 2006; Wersinger and Sidhu 2006; Zhang et al. 2006) . Given the fact that recent positron emission tomography (PET) imaging studies suggest microglia activation is not limited to end-stage PD but is likely to occur in parallel with DA neuron loss (Gerhard et al. 2006) . Moderate increases in oxidative species generation due to sustained microglial activation in the nigral microenvironment could easily overwhelm the natural defenses of the remaining DA neurons by contributing to enhanced oxidative stress (Fig. 1) . Therefore, targeted inhibition of the glial reaction and inflammatory processes triggered by environmental toxins may represent an attractive therapeutic approach to delay progression of PD.
The role of peripheral immune cell traffic into the brain and its relevance to PD has not been extensively explored to date, but several studies implicating subsets of T cells are worth noting and deserve follow-up. Hirsch et al. recently reported that CD4+ and CD8+ populations of T cells are recruited to the SNpc of PD patients and in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated mice (Brochard et al. 2009 ), and mice lacking CD4+ cells are protected from MPTP-induced nigrostriatal degeneration. Nitrated α-synuclein may represent modified "self" epitopes that can recruit peripheral leukocytes in cervical lymph nodes in an MPTP mouse model, and transfer of T cells from syngeneic donors immunized with nitrated α-synuclein worsens DA neuron loss after MPTP (Benner et al. 2008) . Although it is clear that use of the MPTP neurotoxin can itself compromise BBB integrity depending on the dose used, a leaky BBB makes possible the recruitment of peripheral T cells in both the neurotoxin model and in PD but is unlikely to be sufficient for disease etiology. Nevertheless, data from recent in vivo studies suggested that CD4+/CD25 − effector T cells can enhance microglia activation, and neurotoxic activities in response to nitrated α-synuclein and CD4+/CD25 + regulatory T cells (Tregs) can inhibit microgliosis and induce microglia apoptosis (Reynolds et al. 2009 ). Taken together, these recent observations support the notion that adaptive immunity may be playing a yet unappreciated role in PD, and modulation of acquired immune responses could be potentially harnessed for therapeutic benefit in PD.
The question regarding the role of increased BBB permeability in etiology and progression of PD is still under investigation. New imaging technologies such as PET scanning have made it possible to use [(11)C]-verapamil PET to study cerebrovascular P-glycoprotein (P-gp) pump efflux function as a measure of BBB permeability. While age-dependent and region-specific decreased P-gp function (consistent with increased BBB permeability) has been reported (Bartels et al. 2008 ) and some studies find decreased function in PD patients compared to controls (Kortekaas et al. 2005) , others only see decreased function in advanced and not early PD patients (Bartels et al. 2008) , suggesting that BBB breakdown is not causative of PD but may occur with increasing severity of disease. Not surprisingly, animal models of Parkinsonism have also yielded variable results. 6-OHDA-lesioned hemiparkinsonian rats display increased leakage of fluorescently labeled albumin or horseradish peroxidase from the vasculature into parenchyma of the ipsilateral SNpc and striatum and interestingly increased expression of P-gp and the angiogenesis marker β3-integrin, which the authors interpreted to be a compensatory mechanism to the inflammation (Carvey et al. 2005) . Using immunohistological markers to measure endothelial barrier antigens and extravasation of serum albumin into brain parenchyma, Cenci et al. reported defects in BBB in the basal ganglia in 6-OHDA/chronic L-DOPA-treated rats (Westin et al. 2006 ). More recently, using gadoliniumdiethylenetriamine penta-acetic acid in magnetic resonance imaging studies, Isacson et al. detected no BBB defects in MPTP-treated primates exhibiting L-DOPA-induced dyskinesia (Astradsson et al. 2009 ). In brief, the differences in study outcomes are likely to be a product of different experimental models, different neurotoxic insults, and different stage of clinical disease and, more importantly, use of different methodologies with very different sensitivities. PET imaging has also enabled investigators to detect and localize neuroinflammatory foci in the brains of patients with PD and the differences between them and control research subjects with radiolabeled isoquinolone [11C] (R)-PK11195 which binds selectively to a mitochondrial membrane translocator protein-18 in the peripheral benzodiazepine-binding site complex (Gerhard et al. 2006) . Importantly, these proof-of-principle studies strongly suggest the occurrence of early and prolonged microglia activation in PD. These techniques need to be applied in the clinical setting to monitor the extent of neuroinflammation in patients' brains at various stages of disease and/or in response to anti-inflammatory or other therapies to critically determine how these interventions are altering (or not) progression of disease. Given that the largest risk factor in idiopathic PD is age, one could envision that the increase in inflammatory load in the CNS that occurs as individuals age could increase BBB permeability to peripheral toxins and immune cells, thereby raising the vulnerability of the nigrostriatal pathway to degeneration and development of PD. However, the more widely held belief is that disruption of the BBB and associated inflammation only occurs after a significant number of nigral DA neurons have degenerated, and as such, it is likely to contribute to progression of PD rather than be a major causative factor.
Rodent inflammation models of nigral cell death
Development of endotoxin-based in vivo models of nigrostriatal pathway degeneration demonstrates the susceptibility of nigral DA neurons to inflammatory stimuli. Approximately a decade ago, intranigral delivery of LPS was first shown to induce an inflammatory reaction that activated microglia and induced selective and irreversible damage to nigral DA neurons while sparing serotonergic neurons (Castano et al. 1998) . Since then, LPS-induced nigral DA neuron death has been shown to be independent of NO and inhibitable by dexamethasone (Castano et al. 2002) . The intrinsic susceptibility of nigral DA neurons to inflammatory stimuli was directly shown by a critical experiment in which administration of alpha-methyl-ptyrosine, an inhibitor of tyrosine hydroxylase, prevented LPS-induced nigral DA neuron loss (De Pablos et al. 2005 ). Additional inflammation-based models of nigral degeneration have been developed in recent years, including chronic low-dose intranigral LPS infusion in rats (Gao et al. 2002) or intrauterine exposure to LPS (Carvey et al. 2003) , which induce delayed, chronic, and progressive loss of DA neurons in the adult SNpc or in the offspring, respectively. Further support that neuroinflammation resulting from peripheral inflammatory triggers can induce nigral degeneration and may play an important role in the progressive loss of DA neurons in sporadic PD has derived from a number of recent studies using intraperitoneal (i.p.) LPS as a trigger. First, Hong et al. reported that delayed and progressive nigral degeneration was detectable in C57Bl/6 male mice 7 months after a single i.p. injection of high-dose LPS (5 mg/kg) in all likelihood mediated by circulating TNF (Qin et al. 2007 ), while female C57Bl/6 mice appeared to be more resistant and required repeated highdose LPS injections to display the nigral degeneration phenotype (Liu et al. 2008) . Second, increased susceptibility to inflammation-induced nigral degeneration was observed in Parkin-deficient mice after 3 months of twiceweekly low-dose i.p. LPS (approximately 0.5 mg/kg) injections followed by a 3-month lag period which progressed significantly when injections were extended to 6 months (Frank-Cannon et al. 2008) ; the significance of these findings and their implication for Parkin function are discussed in more detailed below. For example, inflammatory cytokines such as IL-1β have been show to promote upregulation of α-synuclein in neuronal cultures (Griffin et al. 2006 ), a mechanism which promotes protein aggregation and generation of LBs in the substantia nigra. Smeyne et al. have recently reported that intranasal administration of the neurotropic avian influenza virus H5N1 in C57BL/6J mice resulted in a short-lived infection in the peripheral nervous system that traveled into the CNS (Jang et al. 2009 ). In support of a link between neuroinflammation and proteinopathies, the neuropathological hallmarks of the infected regions included α-synuclein phosphorylation and aggregation, and activation of microglia that persisted long after resolution of the infection. As predicted by multiple models, the chronic neuroinflammatory response was accompanied by a delayed loss of nigral DA neurons, suggesting that H5N1 or other neurotropic influenza viruses may be involved in the etiology of CNS proteinopathies and, in particular, of PD.
Genes that modulate susceptibility to inflammationinduced degeneration
Recent evidence from genetic mouse models suggests that the outcome of neuroinflammatory responses in the midbrain SNpc may be influenced by the presence of abnormal α-synuclein. One recent such study demonstrated that nigral degeneration can result from synergistic interactions between α-synuclein and neuroinflammation. Specifically, a single intranigral injection of LPS in α-synuclein-null mice that overexpress wild-type human α-synuclein or A53T mutant α-synuclein was shown to significantly accelerate the loss of DA neurons, and nitrated/oxidized α-synuclein was detected in nigral inclusions (Gao et al. 2008) . Interestingly, inhibition of microglia-derived NO and superoxide afforded significant neuroprotection from the accelerating effects of the LPS injection, suggesting these mediators mechanistically link inflammation to aberrant α-synuclein signaling and may contribute to neurodegeneration in PD.
Similarly, neuroinflammatory responses may be impacted by the function of certain gene products in microglia, some of which have thus far been thought to be important only in neurons. Human mutations resulting in reduced expression of Nurr1 are associated with late-onset familial PD (Le et al. 2003) . Nurr1 (NR4A2) belongs to the receptor (NR)4 family of orphan nuclear receptors and is known to function as a constitutively active transcription factor by binding to target genes (Aarnisalo et al. 2002; Wang et al. 2003) . A recent study demonstrated evidence that Nurr1 plays an essential role in both microglia and astrocytes as a single-dependent transcriptional repressor of genes that encode pro-inflammatory neurotoxic factors (Saijo et al. 2009 ). They have shown that Nurr1 recruit CoREST corepressor complexes to nuclear factor-kappa beta (NF-κB) target genes and mediate the turnover of NF-κB and restore activated gene expression to a basal state. Specially, loss of Nurr1 function in microglia and astrocytes of the SN results in exaggerated and prolonged inflammatory responses that accelerate the loss of DA neurons in response to LPS or overexpression of a mutant form of α-Synuclein (A30P) associated with familial PD, suggesting that Nurr1 may play a protective role in neurodegeneration by modulating extraneuronal cells.
Although loss-of-function mutations in the E3 ligase Parkin give rise to a rare form or autosomal recessive parkinsonism (Shimura et al. 2000) , mice deficient in Parkin do not display nigral degeneration (Goldberg et al. 2003) . Although disappointing at first, this important finding suggested the hypothesis that Parkin-deficient mice require an additional trigger to develop nigral degeneration. To test this possibility, Parkin-deficient mice (or wild-type mice of the same genetic background) were exposed to repeated intraperitoneal injections of LPS for specific periods of time. Although chronic administration of lowdose LPS triggered very similar neuroinflammatory and oxidative stress responses in the SNpc of both WT and Parkin-deficient mice, only the latter developed delayed and selective degeneration of DA neurons in SNpc but not in VTA. These findings suggested that Parkin loss increases the vulnerability to inflammation-induced degeneration but did not identify the cell type responsible for the parkinsonian phenotype. Additional studies will need to establish whether Parkin loss in DA neurons changes their sensitivity to specific inflammatory mediators and/or the extent to which Parkin-deficient glia may respond aberrantly and compromise DA neuron survival.
Lastly, the regulator of G-protein signaling-10 (RGS10), a microglial-enriched GTPase that is a putative negative regulator of G-protein signaling, plays a protective role in the SNpc against the neurodegenerative effects of chronic peripheral inflammation via regulation of the microglial phenotype ). RGS10-deficient mice displayed increased microglial burden in CNS, dysregulated inflammation-related gene expression in microglia, and nigral DA neuron degeneration with repeated systemic administration of low-dose LPS injection. TNF, IL-1β, and IL-6 secretions were much higher by LPS-stimulated microglia from RGS10 knockout mice than from wildtype mice. Mechanistically, in vitro study indicated that RGS10 functions to regulate microglia activation. Specifically, knockdown of RGS10 in the murine BV2 microglial cells resulted in dysregulated inflammation-related expression, increased production of inflammatory cytokines including TNF, and enhanced cytotoxic effect on MN9D DA cells. A better understanding of the function of Parkin, Nurr1, and RGS10 in microglia (Fig. 1 ) may reveal new strategies for manipulating the levels or activities of these important regulators to block or delay the progressive loss of nigrostriatal DA neurons in PD.
Neuroprotection by anti-inflammatory drugs in animal and epidemiological studies
Early studies using inhibitors of iNOS provided evidence of their potential as neuroprotective agents in the treatment of Parkinson disease. Administration of MPTP to mice induced a robust gliosis in the SNpc associated with significant upregulation of iNOS and preceded or paralleled MPTP-induced DA neurodegeneration (Liberatore et al. 1999) . In addition, mutant mice lacking the iNOS gene were significantly more resistant to MPTP than their wildtype littermates. Consistent with this finding, a study by the same group demonstrated that upregulation of the main ROS-producing enzyme, NADPH oxidase, in SNpc of human PD coincided with the local production of ROS, microglial activation, and DA neuronal loss seen after MPTP injections (Wu et al. 2003) . Mutant mice defective in NADPH-oxidase exhibited less SNpc DA neuronal loss and protein oxidation than their WT littermates after MPTP injections, suggesting that extracellular ROS are critical in inflammation-mediated DA neurotoxicity in the MPTP mouse model of nigral cell loss. Clearly, the clinical implication of these studies is that inhibition of microglial-derived toxic mediator production may be protective in the progressive degeneration of nigral DA neurons in PD. For that reason, many labs and several biotech companies are actively pursuing identification of small molecules to target microglia activation as a therapeutic approach in neurodegenerative disease. Given the importance of microglial population for immune surveillance, neurotrophic factor production, and clearance of debris (perhaps including toxic oligomeric protein species), a global inhibition of microglia activation is likely to result in more collateral damage than therapeutic benefit.
Animal and epidemiologic studies suggested that nonsteroidal anti-inflammatory drugs (NSAIDs) have neuroprotective properties by reducing general inflammation, which suggest inflammatory mechanisms contribute to neurodegeneration. NSAIDs scavenge free oxygen radicals and inhibit prostaglandin production by cyclooxygenase-1 and COX-2. The inducible form COX-2 in particular has been implicated in the pathogenesis of PD because it is upregulated in the nigral neurons of PD patients and in neurotoxin-induced models of nigral cell death and can participate in oxidation of dopamine (Teismann et al. 2003a, b; Tyurina et al. 2006; Chae et al. 2008) . In preclinical models of nigral cell death, inhibition of cyclooxygenase (COX-2) decreased microglial activation and prevented the progressive degeneration in a retrograde lesion induced by 6-OHDA; Sanchez-Pernaute et al. 2004) . In that rat study, a selective inhibitor of the inducible form of cyclooxygenase (COX-2), celecoxib, was used to examine the protective effect on 6-OHDA-induced DA cell loss. COX-2 inhibition did not reduce the typical astroglial response in the striatum at any stage. Therefore, inhibition of COX-2 by celecoxib appears to be able to prevent or slow down DA cell degeneration (Sanchez-Pernaute et al. 2004) . Ghosh et al. reported that activation of NF-κB is induced in vivo in the SNpc of MPTP-intoxicated mice and within the SNpc of PD patients. A cell-permeable peptide corresponding to the NF-κB essential modifier (NEMO)-binding domain (NBD) of IκB kinase α or IκB kinase β was capable of inhibiting the induction of NF-κB activation and suppressing nigral microglial activation, which protected both the nigrostriatal axis and neurotransmitters and improved motor functions in MPTP-intoxicated mice (Ghosh et al. 2007 ). Their study suggested that selective inhibition of NF-κB activation by NBD peptide may be of therapeutic benefit for PD patients.
Animal studies demonstrating anti-inflammatory drugs protected against progressive nigral DA neuron loss encouraged investigation of the association between NSAID use and PD risk in humans. (For a detailed review of evidence relating to the protective effects of antiinflammatory drugs on DA neurons in animal models of PD as well as epidemiological data exploring the effectiveness of NSAIDs in the prevention of PD, see Esposito et al. 2007.) In brief, the most convincing and compelling evidence supporting the claim that inflammatory mechanisms are likely to contribute to PD risk comes from epidemiological studies (McGeer and McGeer 1998; Chen et al. 2003 Chen et al. , 2005 . Inverse association of NSAID use with risk of PD has been observed in two prospective studies for non-aspirin NSAIDs, as well as for aspirin (Abbott et al. 2003; Chen et al. 2003 Chen et al. , 2005 . Specifically, a large prospective study of hospital workers indicated that the incidence of idiopathic PD in chronic users of over-thecounter NSAIDs, which scavenge free oxygen radicals and inhibit COX activity, was 46% lower than that of agematched non-users (Chen et al. 2003) . Similar findings were reported for chronic users of the non-selective COX inhibitor ibuprofen in a follow-up study involving a large (approximately 180,000) cohort of US men and women (Chen et al. 2005) . However, other studies showed that the effect of NSAIDs in decreasing the risk of PD is limited or of no benefit (Hernan et al. 2006; Hancock et al. 2007 ). Hernan et al. reported that this inverse association was observed only for men but not for women, in whom nonaspirin NSAID use was associated with a higher risk of PD. Importantly, a recently published systematic review and meta-analysis of studies published between 1966 and 2008 does indicate that although NSAIDs as a class do not seem to modify risk of PD, ibuprofen may have a slight protective effect (Samii et al. 2009 ).
In summary, it is clear that multiple pre-clinical and epidemiological studies strongly suggest that elevated levels of inflammatory mediators in the early stages of PD may contribute to the progressive loss of nigral DA neurons. Therefore, it follows that timely intervention with anti-inflammatory agents may likely exert some degree of neuroprotection. In fact, even if the greatest therapeutic benefit is expected from interventions that target the initial trigger(s) when they are administered during the prodromal phase or earlier, therapies that prevent neuronal death and dystrophy by targeting steps in the cascade downstream of the disease trigger may also provide disease modification in patients with mild-to-moderate clinical symptoms (Golde 2009 ). However, most PD therapies are symptomatic or aimed at cell replacement (transplantation to replace the lost nigral DA neurons), and anti-inflammatory regimens have only been explored in patients with late-stage disease with understandably disappointing results. This, therefore, is the biggest challenge that investigators aimed at translating mechanism-based findings into therapies face today: the need to test the neuroprotective effects of drugs in a clinical setting where it may be too late (Golde 2009 ). Nevertheless, more emphasis and priority needs to be given to identification of inflammatory mediators that drive dysfunction of the nigrostriatal pathway and promote death of nigral DA neurons. These studies should then be followed by aggressive target validation in pre-clinical models of PD with a clear path to clinical trials in humans perhaps involving patients with inherited mutations who are at higher risk for development of PD. Given that neuroinflammation is common to many neurodegenerative diseases, it is likely that targeting neuroinflammatory mediators that drive cell apoptotic death pathways (i.e., TNF) may reduce multiple diseases ( 
Summary and conclusions
During the last two decades, a wealth of animal and human studies has convincingly implicated inflammation-derived oxidative stress and cytokine-dependent neurotoxicity in the progressive degeneration of the nigrostriatal pathway, the hallmark of idiopathic PD. Post-mortem analyses of brains from PD patients gave initial clues regarding the presence of inflammatory processes including activated microglia and accumulation of cytokines such as TNF, IL-1, and IFNγ in the substantia nigra, but such end-point analyses made it impossible to establish how early the inflammatory process began and whether it played a protective or detrimental role in disease progression. In the last 5 years, PET-imaging studies in live patients and age-matched healthy controls clearly demonstrate that PD patients have greater microglial burden not only in the basal ganglia and regions affected in early-to-mid-stages of PD but also in the cortex and other brain regions which show later involvement. Therefore, the working model is that chronically elevated levels of cytokines serve to maintain activation of abundant numbers of microglia in the midbrain, potentiating prolonged central inflammatory responses which may increase the permeability of the BBB and increase peripheral immune cell traffic-all of which creates an environment of oxidative stress to further accelerate oxidative damage to DA neurons. Consistent with a role of inflammatory mechanisms in contributing to disease development and/or progression, chronic ibuprofen use does appear to confer a slight decrease in disease incidence. Therefore, tangible therapeutic benefit and disease-modifying effects in PD may be derived by timely delivery of therapies that prevent neuronal death and dystrophy by targeting inflammatory mediators that activate proximal cell-death pathways, molecular players that increase the sensitivity of neurons to injury induced by neuroinflammatory mediators, or pathways that regulate activation states of microglia.
